Three-dimensional instability of spontaneous fast magnetic reconnection is studied using MHD (magnetohydro-dynamic) simulation. Previous two-dimensional MHD studies have demonstrated that, if a current-driven anomalous resistivity is assumed, two-dimensional fast magnetic reconnection occurs and two-dimensional largescale magnetic loops, i.e., plasmoids, are ejected from the reconnection region. In most two-dimensional MHD studies, the structure of the current sheet is initially one-dimensinal. On the other hand, in recent space plasma observations, fully three-dimensional magnetic loops frequently appear even in the almost one-dimensional current sheet. This suggests that the classical two-dimensional fast magnetic reconnection may be unstable to any three-dimensional perturbation, resulting in three-dimensional fast magnetic reconnection. In this paper, we show that a three-dimensional resistive perturbation destabilizes two-dimensional fast magnetic reconnection and results in three-dimensional fast magnetic reconnection. The resulting three-dimensional fast reconnection repeatedly ejects three-dimensional magnetic loops downstream. The obtained numerical results are similar to the pulsating downflows observed in solar flares. According to the Fourier analysis of the ejected magnetic loops, the time evolution of this three-dimensional instability is fully non-linear.
Introduction
Fast magnetic reconnection provides a physical mechanism by which magnetic energy is explosively converted into plasma kinetic and thermal energies. This mechanism has been considered to play a crucial role in solar flares and geomagnetic substorms. Fast magnetic reconnection has been reported in many numerical magneto-hydro-dynamic (MHD) studies (e.g., Ugai and Tsuda, 1977) . On the other hand, the plasma jets and magnetic loops associated with fast magnetic reconnection have been also reported in space satellite observations of solar flares (Masuda et al., 1994; Shibata et al., 1995; Shibata, 1996; Yokoyama et al., 2001; Asai et al., 2004) . In particular, in some observation reports, the three-dimensional (3D) structure of fast magnetic reconnection was discussed (Shibata et al., 1995; Asai et al., 2004) . Asai et al. (2004) reported that the intermittent plasma downflows observed in solar flares may be caused by fast magnetic reconnection in the high-altitude corona. In order to theoretically explain the observation data, they suggested that 3D fast magnetic reconnection may occur even in a uniform (1D) current sheet and, hence, the ejected 3D magnetic loops may be strongly localized in the current sheet direction. To explain the formation of impulsive plasma downflows, Linton and Longcope (2006) proposed a theoretical 3D model. However, it is still unclear how such a 3D fast magnetic reconnection process occurs in the 1D current sheet.
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In this paper, the 2D spontaneous fast magnetic reconnection model proposed by Ugai is numerically developed to a 3D model. At this point, note that the study shown in this paper is basically different from the 3D studies reported by Ugai and collegues (Ugai et al., 2004 (Ugai et al., , 2005 . In the studies reported by Ugai, since the initial resistive disturbance is strongly localized in the sheet current direction, it directly results in a "single" 3D fast magnetic reconnection. In contrast, in the work presented here, the initial resistive disturbance is almost 2D but only includes a "very weak non-uniformity (perturbation)" in the sheet current direction, resulting in "multiple" 3D fast magnetic reconnection processes. In other words, this paper shows that the 2D fast reconnection process is basically unstable for a 3D perturbation. As a result, the destabilized 2D fast magnetic reconnection can be three-dimensionally localized even in a 1D current sheet. At the time, some 3D magnetic loops are repeatedly ejected from the reconnection region. These features of 3D fast reconnection seem to be consistent with the observation data of intermittent plasma downflows observed in solar flares.
Simulation Setup
In the spontaneous fast magnetic reconnection model, the reconnection process is initiated by a small resistive disturbance in the current sheet (Ugai and Shimizu, 1996; Ugai, 1999) . After the initial disturbance is removed, fast reconnection spontaneously develops by a current-driven anomalous resistivity enhanced by the nonlinear tearing instability. Hence, no external driven mechanism is required to keep the reconnection process going.
The MHD simulation procedures are basically the same as in Ugai (1987) , except for the initial resistive disturbance shown later, in this article i.e., Eq. (1). The 3D compressible MHD equations are used. The computational region is restricted to the first quadrant and set to be a rectangular
, because of the conventional symmetry boundary conditions with respect to the xz-plane at y = 0, yz-plane at x = 0, and x y-planes at z = 0 and L z . On the other boundaries, free boundary conditions are assumed, where all the quantities are determined by the state of the inner region, so that the first derivatives of the quantities in the direction normal to the boundaries vanish (the normal component of B is determined by the solenoidal condition). Because of the symmetry boundary conditions for x y-planes at z = 0 and L z , the simulation box is closed in the z-direction. In other words, the simulation box may be considered to be periodic in the z-direction, where 2L z is the maximum wave length for all the z-directional MHD waves. The computational region L x = 30, L y = 10, and L z = 20 are taken with the mesh points N x = 880, N y = 1000, and N z = 100.
Simulation Results

The initial stage
The simulation starts with β 0 = 0.15 in the magnetic field region, which consists of B x0 = 1.0 and P 0 = 0.075. Initially, every magnetic field line is exactly set up in the x-direction. The current sheet is initially formed on the xzplane and the current is flowing in the negative z-direction. In the initial current sheet, B x monotonously varies from B x0 at y = +1 to zero at y = 0. Then, B x = B x0 is set for y > +1. There is no initial plasma flow. The Alfven speed V A is unity in the initial upstream magnetic field region based on B x0 = 1.0, and the Alfven transit time to pass the distance of L x = 30 is set as T = 30 in the time scale.
The initial resistive disturbance shown below initiates a tearing instability in the current sheet during 0 < T < 4, which is strongly localized around the z-axis.
where α = 0.01. In this initial resistive disturbance, the magnetic Reynolds number is estimated to be 25 at the origin. Note that this resistive disturbance fluctuates only by 1% in the z-direction, which is the sheet current direction. Accordingly, the resulting reconnection process is expected to be nearly 2D. In fact, the magnetic loop ejected firstly from the reconnection region is almost 2D, as shown later in Fig. 1 . After T = 4, η 0 is removed and, instead, the currentdriven anomalous resistivity η 1 shown below is switched on, which starts to drive the fast magnetic reconnection after about T = 20.
where V d = |J |/ρ is the ion-electron drift velocity and V c = 4.0 is set. The current density J is obtained from rotB and is unity at the center of the initial current sheet, i.e., y = 0. Also, the uniform plasma density ρ is initially set to be unity. Figure 1 shows magnetic field lines on three x y-planes for z = 0, 0.5L z , and L z with a B y contour map and plasma flow vectors on an xz-plane for y = 0 at T = 48. Along the z-axis, the magnetic neutral line for fast reconnection process is formed. The magnetic field lines in all three x yplanes are very similar. In addition, the B y contour map and plasma flow vectors are almost uniform in the z-direction. Hence, at this time, the fast magnetic reconnection process is 2D, and a 2D large-scale magnetic loop is formed between 15 < x < 30. Figure 2 shows the numerical result similar to Fig. 1 but for T = 60. The 2D large-scale magnetic loop in 20 < x < 30 corresponds to the one in 15 < x < 30 of Fig. 1 , so the loop is propagating with the reconnection jets. More exactly, the propagating speed is about 0.6V A and is a little slower than the jet speed V A . In addition, another small magnetic loop is observed in the vicinity of the origin, which is marked by "A" in Fig. 2 . Since this magnetic loop is not observed in the magnetic field lines of z = 0.5L z and L z , the loop structure is evidently 3D. This 3D magnetic loop is a result of the z-directional perturbation in the initial resistive disturbance Eq. (1). In Fig. 2 , the B y contour map on the xz-plane at y = 0 is also shown, which is the intensity of the reconnected magnetic field. Clearly, the 3D magnetic loop marked by "A" corresponds to a highintensity island on the B y contour map, which is a little extended in the z-direction and largely curved in the positive x-direction.
The first stage (2D fast reconnection)
The second stage (3D fast reconnection)
Time variation of B y contour map
Figures 3, 4, and 5 show B y contour maps on the xz-plane for y = 0 at T = 45, 60, and 75. In Fig. 3 , no 3D magnetic loop is observed and a 2D magnetic loop is only observed as vertical bands at 13 < x < 17. This is consistent with Fig. 1. Figure 4 is exactly the same as the contour map in Fig. 2 , where L z = 20. In Fig. 4, a 3D magnetic loop appears and then, in Fig. 5 , slightly propagates in the positive x-direction. In addition, in Fig. 5 , considering the symmetry boundary condition on the x-axis, i.e., z = 0, two 3D magnetic loops are also observed as small round-shape islands at (x, z) = (5, 5) and (7, 0).
z-directional Fourier analysis
Figures 6, 7, and 8 respectively show the z-directional Fourier analysis of Figs. 3, 4, and 5 as the contour map of the Fourier components. These figures show the time variation from T = 45 to 75. The vertical axis R z of these figures is scaled as the inverse of the z-directional wave length λ z , where unity R z = (1/λ z ) = 1 is equivalent to 1/(2L z ). Note that 2L z corresponds to the wave length of the z-directional resistive perturbation in Eq. (1). In Fig. 6 , the growth of the Fourier components 1 ≤ R z < 10 related to the 2D magnetic loop is observed at x = 13. In Fig. 7 , the Fourier components move to x = 21, and new Fourier components 1 ≤ R z < 10 widely appear in the 3D magnetic loop region located in 2 < x < 5. Next, in Fig. 8 , the new Fourier components widely spread in the x-direction, because of the multiple formations of 3D magnetic loops in Fig. 5 . Since the initial resistive disturbance Eq. (1) only has R z = 1 component, the higher-order components R z ≥ 2 are generated by the non-linear instability of the fast magnetic reconnection. In Figs. 6 and 7, the 2D magnetic loop also generates the higher-order components R z ≥ 2. However, evidently, the higher-order Fourier components related to 3D magnetic loops are spread more widely than those of the 2D magnetic loop. Figure 9 shows the time variation of four typical zdirectional Fourier components for the B y contour map, where k = R z . On the 2D stage (T < 50), the k = 1 component that corresponds to the z-directional perturbation in Eq. (1) linearly grows up and, on the 3D stage (50 < T ), almost saturates. As mentioned in Figs. 7 and 8, since Eq. (1) has no R z = k ≥ 2 components, such higher-order components should be created from the k = 1 component, due to the non-linear instability in the 3D fast magnetic reconnection. In fact, the higher-order components rapidly grow up after the linear growth of k = 1.
Summary
In this paper, we have shown that 2D fast magnetic reconnection caused by a current-driven anomalous resistivity is unstable to a 3D resistive perturbation. In fact, in this MHD model, the initial current sheet has exactly a 1D structure, and every setup is exactly prepared for 2D fast magnetic reconnection, except for the initial 3D resistive perturbation η 0 . At this point, note that the 3D fast reconnection process reported by Ugai (Ugai et al., 2004 (Ugai et al., , 2005 ) is largely different because the initial resistive disturbance employed in his papers includes a largely non-uniform component along the neutral line and, hence, the resulting fast reconnection processes is fully 3D even on the first stage. In contrast, as shown in Fig. 1 , the fast reconnection studied in this paper is still 2D on the first stage. The 3D fast reconnection is spontaneously caused after the 2D fast reconnection has been established. In addition, as shown in the time variation of Fig. 9 , the z-directional higher-order Fourier components generated by the 3D instability rapidly grows after the 2D stage. This means that the 3D instability shown here is fully non-linear.
As shown in Fig. 5 , the appearance of the multiple 3D magnetic loops means that 3D fast reconnection process is pulsating. This may support the intermittent downflow reported by Asai et al. (2004) , where 3D magnetic loops may be repeatedly ejected even on the 1D current sheet, due to the fast magnetic reconnection.
In the next step of this study, the temporal dynamics of ejected magnetic loops must be studied. In the temporal dynamics, some of the ejected magnetic loops may merge into a magnetic loop in the downstream region. Finally, few large-scale magnetic loops can only survive. At this point, the 3D fast reconnection model shown in this paper may be closely related to the fractal and intermittent reconnection model that was proposed by Shibata and Tanuma (2001) to explain the solar flare observation data as a time-development from micro-reconnection processes to a macro-reconnection process. Since their basic concept is a 2D model, the 3D fast reconnection shown here should give a new view point to their model.
